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Abstract
The precise identification of the cyanobacteria that comprise an endolithic biofilm
is hindered by difficulties in culturing the organisms found in these biofilms and a
lack of previous molecular and ultrastructural data. This study characterizes, both
at the ultrastructural and molecular level, two different cyanobacterial biofilms
found in fissures of granite from continental Antarctica. Electron microscopy
revealed structural differences between the two biofilms. One was only loosely
adhered to the substrate, while the other biofilm showed a closer association
between cells and rock minerals and was tightly attached to the substrate. Cells
from both biofilms where ultrastructurally distinct, displaying, for instance, clear
differences in their sheaths. The amounts of EPS and their organization associated
with the cyanobacteria may determine the differences in adhesion and effects on
the lithic substrate observed in the biofilms. By sequencing part of the 16S rRNA
gene, the two cyanobacteria were also genetically characterized. The gene sequence
of the cells comprising the biofilm that was tightly attached to the lithic substrate
showed most homology with that of an endolithic cyanobacterium from Switzer-
land (AY153458), and the cyanobacterial type loosely adhered to the rock,
clustered with Acaryochloris marina, the only organism unequivocally known to
contain chlorophyll d. This study reveals the presence of at least two different types
of endolithic biofilm, dominated each by a single type of cyanobacterium, able to
withstand the harsh conditions of the Antarctic climate.
Introduction
Since the first description of endolithic algae in dolomite
rock (Diels, 1914), endolithic organisms are known to
inhabit a variety of rock types, from hard granite (Schultz
et al., 2000; De los Rı´os et al., 2005) to porous rocks, such as
limestone and sandstone (Friedmann, 1982; Tschermak-
Woess & Friedmann, 1984; Gross et al., 1998; Danin, 1999;
Matthes et al., 2001; Wierzchos & Ascaso, 2001), in numer-
ous terrestrial ecosystems that vary tremendously in terms
of depth, biomass, species richness, and species composi-
tion. The lack of light is a limiting factor for photosynthetic
microorganisms. However, cyanobacteria have been de-
tected in significant abundance in almost every endolithic
ecosystem (Friedmann et al., 1988; Matthes-Sears et al.,
1997; Hughes & Lawley, 2003; Bu¨del et al., 2004; Cockell
et al., 2005), and their presence is especially relevant in
desert environments (Wynn-Williams, 2000). For photosyn-
thetic microorganisms to live in dark habitats, certain
adjustments to the surroundings could be necessary, e.g.,
higher cellular pigment concentrations or the presence of
certain biliproteins (Vincent, 1988; Samsonoff & MacColl,
2001).
The microbial colonization of rock fissures and cavities
typically leads to the formation of endolithic biofilms. These
films support life under a relatively broad range of environ-
mental conditions, and are often the dominant or even the
only biological components of extreme terrestrial environ-
ments, such as those of Antarctica (De los Rı´os et al., 2003).
The study of endolithic communities from extreme envir-
onments is gaining interest, given their role as carbon
reservoirs across large areas.
Antarctica is a continent whose severe life conditions
differ substantially from those of almost all other parts of the
Earth’s biosphere, but where different cyanobacterial types
regularly appear (Koma´rek, 1999). Cyanobacterial life in the
Antarctic desert is threatened by a scarcity of water and the
enzymes of these cyanobacteria are known to be at their
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structural and physiological limits (Wynn-Williams, 2000).
Yet, the resilience of cyanobacteria in the extremes of polar
climate, including their ability to survive freezing and
desiccation, makes this group, the single largest contributor
to the biomass on the Antarctic continent (Vincent et al.,
1999).
Identifying endolithic cyanobacteria is problematic since
they are typically difficult to culture in vitro and the
morphology of laboratory cultures may not always represent
their native form (Tschermak-Woess & Friedmann, 1984;
Sigler et al., 2003). Essential phylogenetic work remains to
be performed on most of these organisms (Van Thielen &
Garbary, 1999). Thus, most of the information available on
the systematics of Antarctic endolithic cyanobacteria has
emerged from laboratory cultures and/or identifications
made only on the basis of morphology (Broady, 1981;
Friedmann et al., 1988; Siebert & Hirsch, 1988; Siebert
et al., 1996), a trait that generally does not correlate well
with the phylogeny of cyanobacteria (Turner, 1997; Turner
et al., 2001). Culture independent molecular approaches to
the study of endolithic communities are being consequently
pursued, and these have provided interesting results in the
last few years (Smith et al., 2000; De la Torre et al., 2003;
Sigler et al., 2003; McNamara et al., 2006). For a more
holistic picture of cyanobacterial diversity, combined mole-
cular/ultrastructural studies are needed but such combined
studies are still rare. In this study, we use both molecular and
ultrastructural approaches to characterize two different
types of cyanobacterial biofilms found in granite rocks
collected in Antarctica.
Materials and methods
Materials
Pieces of granite rock taken from different orientations
(three for each orientation) were split off granite boulders
across a range of altitudes, from the coast to the summit of
Discovery Bluff (5m a.s.l., 100m a.s.l. and 500m a.s.l.), Ross
Sea cost, Granite Harbour (771000-S, 1621340-E). The gran-
ite could be easily broken along existing fissures. Endolithic
colonization was detected in the field with a magnifying
glass after breaking the rock surfaces. Fragments of granite,
0.5–1 cm thick, with visible signs of endolithic microbial
growth on their underside were placed in sterile polyethy-
lene bags, transported by air to our laboratory and stored
dry at  20 1C until processing for microscopy or molecular
analysis.
Transmission electron microscopy
Endolithic cyanobacterial biofilms from the different sam-
ples collected were removed from the rock under the
stereomicroscope using a sterile needle, and embedded in
2% (w/v) agar. The small pieces of agar were then processed
according to the procedure described by De los Rı´os &
Ascaso (2002). In brief, these fragments of agar containing
cyanobacteria were fixed in glutaraldehyde and then in
osmium tetroxide, dehydrated in a graded series of ethanol,
and embedded in Spurr’s resin. Ultrathin sections were
poststained with lead citrate (Reynolds, 1963) and observed
in a Zeiss EM910 transmission electron microscope.
Scanning electron microscopy with
backscattered electron imaging and energy
dispersive spectroscopy (SEM-BSE)
Rock fragments with cyanobacterial biofilms on the under-
side were prepared according to a procedure developed for
observing the rock-microorganism interface by SEM-BSE
(Wierzchos & Ascaso, 1994). The pieces of rock were fixed in
glutaraldehyde and osmium tetroxide solutions, dehydrated
in a graded ethanol series and embedded in LR-White resin.
Blocks of resin-embedded rock samples were finely polished,
carbon coated and observed using a DMS 940 SEM micro-
scope. Microprobe analyses were performed using an energy
dispersive spectroscopy (EDS) Link ISIS microanalytical
system during SEM observation.
Low temperature scanning electron microscopy
(LTSEM)
The cyanobacterial biofilms were also examined by LTSEM.
Small fragments were mechanically fixed onto the specimen
holder of a cryotransfer system (Oxford CT1500), plunged
into subcooled liquid nitrogen, and then transferred to the
microscope’s preparation unit via an air-lock transfer de-
vice. The frozen specimens were cryofractured and etched
for 2min at  90 1C. After ice sublimation, the etched
surfaces were gold sputter coated and the specimens then
placed on the cold stage of the SEM chamber. Fractured
surfaces were observed under a DSM960 Zeiss SEM micro-
scope at  135 1C.
DNA extraction, amplification and sequencing
Total DNA was extracted from the cyanobacteria biofilms
previously examined by microscopy according to a modified
CTABmethod (Cubero et al., 1999). DNA extracts were used
for PCR-amplification of the 16S rRNA gene sequence using
the primers CYA359F and CYA781R, as described by Nu¨bel
et al. (1997). Fifty microliters of the PCR mix (10mM Tris
pH 8.3/50mM KCl 1.5mM-1MgCl2/50 mg gelatine) con-
tained 1.25U of Taq polymerase, 0.2mM of each of the four
dNTPs, 0.5 mM of each primer and ca 10–50 ng genomic
DNA. Annealing conditions were 55 1C. Products were
cleaned on a QIAGEN quick spin column (Qiagen). Both
complementary strands were sequenced using the Dye
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Terminator Cycle Sequencing Ready Reaction Kit (ABI,
Vienna) according to the manufacturer’s instructions. Se-
quences were run on an ABI310 automated sequencer (ABI).
The sequences were submitted to EMBL/GenBank.
Phylogenetic analysis
DNA sequence alignments were phylogenetically analysed
using MrBayes version 3 (http://morphbank.ebc.uu.se/
mrbayes). For the Bayesian analysis, the general time rever-
sible model was used, including site-specific rate heteroge-
neity and a fraction of invariant characters (GTR1I1G).
This model was suggested both by hierarchical likelihood
rate tests and the Akaike information criterion as imple-
mented in Modeltest (Posada & Crandall, 1998). Two
million generations were run, every 100th tree was sampled,
and the first 1000 generations were discarded as burn-in. A
consensus phylogram showing mean branch lengths was
calculated using the sumt command in MrBayes. We used
Escherichia coli as outgroup for the phylogenetic tree.
Results
Ultrastructural characterization of the endolithic
biofilms
SEM-BSE examination of the different samples revealed the
presence of two different endolithic biofilms harbouring
cyanobacteria in nine Antarctic granite fragments collected
at 500m a.s.l. from southeast, horizontal and vertical orienta-
tions. The biofilms were adhered to the underside of rock
fragments 0.5–1 cm-thick, split-off from granite boulders.
The cyanobacterial biofilms were obtained from rock speci-
mens where lichen growth was not visible. One of the
biofilms was only loosely adhered to the substrate (Fig. 1a);
the other was tightly attached to the substrate and showed a
closer association with the rock minerals (Fig. 1b). The
loosely adhered biofilm was observed in samples collected
from horizontal and southeast orientations. The tightly
attached biofilm was observed, in pieces of rock collected
from southeast and vertical orientations. Our LTSEM analysis
also revealed structural differences between these two types of
biofilm. Thus, the loosely adhered biofilm could be observed
as a layer composed of cell clusters covering the surface
examined (arrows in Fig. 1c) that was attached to the
substrate by only a thin film of extracellular polymeric
substances (EPS). In contrast, the tightly attached biofilm
appeared as a dense matrix in which cells, EPS and mineral
fragments were intermixed (Fig. 1d). Cells (arrows in Fig. 1d)
and mineral fragments (arrow-heads in Fig. 1d) were com-
pletely embedded in the EPS network (asterisks in Fig. 1d).
TEM analysis of the cells comprising the loosely adhered
biofilm revealed the presence of only one type of cyanobacter-
ium (Fig. 2a). These cells were spherical to oblong and
measured 1.1–1.3 0.85–0.95mm (Table 1). The cytoplasm
(a) (b)
(c) (d)
20 µm 20 µm
*
*
* *
Fig. 1. (a–d) SEM-BSE images of a loosely ad-
hered to the substrate cyanobacteria-rich biofilm
found on the underside of granite fragments
collected from horizontal orientation (a) and of a
tightly attached to the substrate collected from
southeast orientation (b) (c,d): LTSEM images of
the loosely adhered (c) and tightly attached (d)
biofilms. Arrows indicate the cells, head-arrows
the mineral fragments and asterisks the EPS
network.
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was enveloped by a cell wall containing an electron-dense
layer (c. 10 nm), generally attributed to peptidoglycans, and
an outer membrane of similar thickness (white arrow in Fig.
2b). Narrow electron-transparent spaces separated the pepti-
doglycan cell wall layer from the outer and cytoplasmic
membranes. Each cell exhibited a mucilaginous sheath of
concentric electron-dense layers surrounded by older sheath
material (Fig. 2a). Thylakoids showed a parietal arrangement
and seven to eight of their layers filled the cell periphery (black
arrows in Fig. 2b). Cell division starts with invagination of the
cytoplasmic membrane and local thickening of the peptido-
glycan layer (arrow in Fig. 2c). A septum forms, followed by
the constriction of the outer membrane (arrow in Fig. 2a).
After division, the cells remained connected (Fig. 2d). No
carboxysomes were observed.
The tightly attached biofilm appeared on the lower sur-
face of the rock fragments (Fig. 3a) but also grew between
mica layers (arrow in Fig. 3b), always closely associated with
the rock’s mineral components. In this last circumstance,
exfoliation and separation of mica layers was observed
(Fig. 3b). The cyanobacterial cells were covered by a matrix
of microdivided mineral fragments detached from the lithic
substrate and iron-rich mineral fragments (arrows in
Fig. 3c). These biofilms were composed of multicellular
cyanobacterial aggregates enveloped by a common layered
gelatinous sheath but each cell also had its own layered
spheroidal concentric sheath (Fig. 3d). These aggregates
were composed of only one type of cyanobacterial cell,
which were oval and 1–1.5 0.75–1.25 mm in size (Table 1).
The main components of the sheath were highly electron-
dense fibres, running parallel to the cell surface (Fig. 3e).
Five curved parietally-arranged thylakoids were observed in
these cells (white arrows in Fig. 3f). Large electron-dense
globules appeared close to the nucleoplasm and in the
(a) (b)
(c) (d)
Fig. 2. (a–d) TEM images of the cyanobacteria
cells composing the loosely adhered biofilm, (a)
Group of dividing cells within a polymeric matrix;
arrow indicates the septum formed in cell division,
(b) Detailed image of a cell wall (white arrow), and
thylakoids (black arrows), (c, d) dividing cells show
invagination of the cytoplasmic membrane (c) and
connect after the division process (arrow in d).
Table 1. Features of the dominant cyanobacteria in the biofilms that were either closely related to Acaryochloris species (loosely attached biofilm) or to
Gloeocapsa-like cells (firmly attached biofilm)
Cell shape Thylakoids Binary fission Cell division Sheaths Cell size
Loosely attached
biofilm
Spherical to
oblong
Parallel parietal
thylakoids
Pinching-
cleavage
In more than one
plane
Thin multilayered 1.1–1.30.85–0.95
Firmly attached
biofilm
Oval Curved parietal
thylakoids
Pinching In three planes Thick, dense
multilayered
1–1.50.75–1.25
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spaces between thylakoids (white asterisks in Fig. 3f). The
cells divide by binary fission in three planes. Based on
these features, we identified this isolate as a Gloeocapsa-
like strain. Closely associated with these cyanobacterial
cells, it was common to find small bacteria fully embedded
in the gelatinous cyanobacterial sheath (arrows in Fig. 3d
and 3e).
Characterizing organisms by sequencing the 16S
rRNA gene segment
DNA (coding for 16S rRNA gene) from genomic extracts of
the cyanobacterial biofilms recovered from rock fragments
(collected at 500m a.s.l. from the three different orienta-
tions) was amplified to yield PCR products of c. 420 bp.
Unfortunately, we could not obtain longer fragments using
other primers (data not shown). Analysis of the sequences
obtained from the samples collected at different orientations
revealed two distinct cyanobacterial sequences. Each se-
quence corresponds to samples showing the same type of
biofilm.
Phylogenetic analysis based on partial 16S rRNA gene
sequences was performed to identify the taxonomic position
of the Antarctic endolithic cyanobacteria (Fig. 4). Our tree
indicated that both Antarctic cyanobacterial sequences clus-
tered in two different groups. The sequence of the cells
comprising the biofilm that was tightly attached to the lithic
substrate corresponded to a group formed by two sequences
(a) (b)
(c)
(f)
FeCa
Si (d)
(e)
*
*
*
Al
20 µm 20 µm
Fig. 3. (a–d) SEM-BSE images of tightly at-
tached cyanobacteria-rich biofilms obtained
from the lower part of a southeast facing rock (a)
or from between mica layers (arrow in b). Figure
3c: EDS element distribution maps for a zone
colonized by Gloeocapsa-like cells corresponding
to Fig. 3a. White arrows indicate the accumula-
tion of iron-rich minerals associated with cyano-
bacterial cells. (d–f): TEM images of Gloeocapsa-
like cells comprising the tightly attached biofilm;
arrows indicate presence of heterotrophic
bacteria (d–e), (d) Group of cells enveloped by a
dense polymeric matrix composed of concentric
layers, (e) Details of the spheroidal concentric
sheath around each cell and the network of
fibres extending beyond the cells, (f) Cell
showing thylakoids (arrows) and the presence
of electro-dense globules in the cytoplasm
(asterisks).
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0.1
Synechococcus sp. PCC7335 AB015062
Cyanobium sp. PCC7001AB015058
Synechococcus sp. PCC7031AB015058
Cyanothece sp. PCC 7424 AF132932
Gloeothece membranacea PCC 6501 X78680
Synechocystis sp. PCC 6803 AY224195
Synechococcus elongatus PCC 7942 AF132930
Synechocystis sp. PCC 6308 AB039001
Cyanobacterium stanieri PCC 7202 AF132782
Uncultured Chroococcus sp. DQ058847
Lyngbya aestuarii PCC 7419 AB075989
Synechococcus sp. PCC 6312 AF448081
Synechococcus sp. PCC 6716 AF216942
Escherichia coli AY996985
Prochlorothrix hollandica AJ007907
Synechococcus elongatus PCC 7942 AF132930
Aphanocapsa feldmani AF497567
Uncultured cyanobacterium AY153454
Antarctic cyanobacterium-biofilm tightly attached to lithic substrate
Acaryochloris marina AY163573
Uncultured cyanobacterium AY153458
Chroococcidiopsis sp. PCC 6712 AJ344557
Gloeothece rupestris U96444
Gloeocapsa PCC 73106 AB039000
Gloecapsa sp. AY790852
Chroococcidiopsis thermalis ABO39005
Chroococcidiopsis cubana AJ344558
Nodularia sp. AJ133184
Pseudanabaena sp. AB183572
Calothrix sp. AJ133164
Nostoc sp. AF317631
Fischerella sp. AJ544076
Synechococcus sp. AY274622
Uncultured sublithic cyanobacterium AF170759
Antarctic cyanobacterium-biofilm loosely adhered to lithic substrate
Uncultured soil crust cyanobacterium AF428524
Microcoleus glaciei AF218374
0.98
0.6
0.95
0.59
1
0.79
0.98
0.61
0.58 0.86
0.97
1
0.69
0.83
1
1
0.570.65
0.96
0.7
0.81
1
1
0.74
1
0.56
0.99
0.99
0.79
Fig. 4. Consensus Bayesian phylogram for the analysis of 390 nucleotides showing relationships between the cyanobacterial 16S rRNA gene sequences
of our Antarctic isolates and those of known cyanobacteria retrieved from GenBank (including several reference strains according to Bergey’s Manual of
Systematic Bacteriology, 2001).
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from isolates of endolithic communities inhabiting exposed
dolomites (accession nos. AY153454 and AY153458; Sigler
et al., 2003). The cyanobacterial type loosely adhered to the
rock clustered with the sequence of a sublithic Antarctic
cyanobacterium (accession no. AF170759), an Acaryochloris
marina sequence (accession no. AY163573) and sequences of
different Synechococcus species (accession nos. AF448081,
AF216942 and AY274622). The likelihood parameters in
the tree sample showed the following average values and
variances (in brackets): rate matrix r(GT) = 1.000 ( 0),
r(CT) = 4.38 ( 0,88), r(CG)= 0.5 ( 0.02), r(AT) = 1.03
( 0.07), r(AG) = 2.04 ( 0,2), r(AC) = 1.32 ( 0.13), base
frequencies p(A) = 0.26 (0.00), p(C) = 0.2 (0.00), p(G) =
0.31 (0.00), p(T) = 0.22 (0.00), gamma shape parameter
a= 0.55 (0.00), and the proportion of invariable sites p(in-
var) = 0.32 (0.00). Since our phylogenetic analysis based on
partial 16S rRNA gene sequences revealed that one of the
Antarctic cyanobacterial sequences grouped with Acaryo-
chloris marina, we considered our cyanobacterial strain
comprising the biofilm that was loosely adhered to the rock
could be closely related to the species Acaryochloris. On the
other hand, this strain sequence also showed 100% identity
with a published sequence of a microorganism from sub-
lithic communities in Antarctic quartz (accession no.
AF170759, Smith et al., 2000). Although only 165 nucleo-
tides of this published sequence could be compared, the high
similarity indicates the presence of this cyanobacterium or a
closely related strain also in sublithic Antarctic environ-
ments. The authors showed that within the cyanobacteria,
this isolate clustered with Lyngbia sp. PCC 7419 as an
isolated lineage (accession no. AJ000714; Smith et al., 2000).
The present cyanobacterial sequence corresponding to
the cells comprising the biofilm that was tightly attached to
the lithic substrate showed highest identity (98%) with an
endolithic cyanobacterium that inhabits dolomite rocks in
central Switzerland (accession no. AY153458). These authors
found a Chroococcidiopsis sp. sequence as the closest identi-
fied relative (91% identity; Sigler et al., 2003), but their
study lacked morphological characterization. In our phylo-
genetic analysis, the sequences corresponding to Chroococci-
diopsis species appeared in different positions in the tree.
Discussion
Two structurally different cyanobacterial-rich biofilms, each
dominated by only one type of ultrastructurally distinct
cyanobacterium, were found to colonize inner zones of the
granite rocks examined. Sequencing part of the 16S rRNA
gene confirmed our ultrastructural observations and re-
vealed the presence of two different species – one dominant
in each biofilm. These biofilms were able to live under the
conditions of climate and light intensity reaching the granite
rock fissures in this Antarctic region.
The dominating cyanobacterium in the loosely attached
biofilm, shown to be genetically closely related to Acaryo-
chloris marina, shared numerous ultrastructural features with
those observed in cultures of this species (Marquardt et al.,
2000), although the cells were smaller than those of A.
marina. It is, nevertheless, known that phenotypic characters
evident in nature are often not equally manifested in culture
(Tschermak-Woess & Friedmann, 1984). The natural envir-
onmental conditions of Antarctica could limit the growing
capacity of these cells. The presence of an external envelope of
concentric layers could also be related to the special condi-
tions of Antarctic growth. Thick envelopes have frequently
been described for cyanobacteria from severe environments
(Grilli-Caiola et al., 1993; De los Rı´os et al., 2004). The cell
division process observed in our isolates was similar to that
described for Acaryochloris marina byMarquardt et al. (2000)
and is considered intermediate between the constrictive and
the septum type (Drews & Weckesser, 1982). The features
observed in our Gloeocapsa-like cells resemble those attribu-
ted to Gloeocapsa species (Koma´rek, 2003). However, the
gene sequence of our Antarctic Gloeocapsa-like isolates did
not cluster with sequences from Gen-Bank attributed to
Gloeocapsa species. Anyway, extensive taxonomic revision of
several Gloeocapsa species is pending (Koma´rek, 2003). The
phylogenetic proximity of the partial 16S rRNA gene se-
quences of the present two Antarctic cyanobacteria to Swiss
endolithic isolates could mean that endolithic microbiota
from different locations could be fairly similar such as, for
instance, the closely related Chroococcidiopsis inhabiting the
deserts of Antarctica and Israel (Fewer et al., 2002).
Gloeocapsa species have been also described in other
continental Antarctic areas (Friedmann et al., 1988; Broady,
1996; Banerjee et al., 2000; de la Torre et al., 2003). However,
Acaryochloris-like cells have not been previously cited for
Antarctic environments, nor endolithic habitats. Acaryo-
chloris marina contains high Chl d levels rather than the
Chl a present in other cyanobacteria (Miyashita et al., 1996;
Chen et al., 2005). Cyanobacteria containing chlorophyll d
may be fairly widespread, although little is known about
their habitats and ecology (Ku¨hl et al., 2005). Acaryochloris
marina has been reported in marine environments (Miya-
shita et al., 1996; Murakami et al., 2005) and in an epilithic
microbial mat from a moderately hypersaline lake (Miller
et al., 2005). The organization as biofilms of Acaryochloris-
like cyanobacteria colonizing the underside of didemid
ascidians and their existence as free-living microorganisms
have been also recently reported (Ku¨hl et al., 2005; Miller
et al., 2005). The presence of chlorophyll d would be a useful
feature for thriving in habitats with little visible light
(Samsonoff & MacColl, 2001) such as granite fissures but
further analytical studies designed to detect Chl d would be
needed to test this new style of adaptation of endolithic
microorganism.
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EPS contribute significantly to the structure of these
biofilms and could be involved in interactions between these
cyanobacteria and the lithic substrate (Barker & Banfield,
1996). Although cells of both species bore a thick layered EPS
sheath, greater amounts of EPS were observed in the biofilms
containing Gloeocapsa-like cells. The extracellular polymeric
substances not only occurred around each cell, but formed
dense networks around groups of cells including other micro-
organisms such as heterotrophic bacteria. The differences in
the amount and organization of the EPS observed could
explain both why the biofilms composed of Gloeocapsa-
like cells were more closely associated with the lithic
substrate and why these cells interacted more intensely
with the mineral components than the other type of
biofilm. In effect, while interactions with the lithic sub-
strate were not obvious in the loosely adhered biofilm,
exfoliation and separation of mica sheaths and a build up
of Fe-rich minerals in the biofilms, have been related to
the presence of Gloecapsa-like cells. The presence of
cyanobacterial biofilms in crevices generates two cleavage
forces inside the rock causing biogeophysical damage in
which EPS could be involved. EPS matrices imbibe water,
causing rocks to crack (Ascaso et al., 2002). The second
cleavage-inducing force is linked to the ability of EPS to
trap particles facilitating the accumulation of sediments
in the proximity of the microorganisms (Wolfaardt et al.,
1999; Gorbushina & Krumbein, 2000). This second action
could be the predominant effect observed for the Gloeo-
capsa-like cells. Biogeochemical weathering has been also
attributed to endolithic cyanobacterial colonies coloniz-
ing different rock types (Ascaso et al., 2002; Bu¨del et al.,
2004) and cannot therefore be ruled out. EPS have been
proposed to significantly contribute to mineral bio-
weathering by participating in certain biomobilization
and biomineralization processes (Barker & Banfield,
1996; Barker et al., 1998; De los Rı´os et al., 2005).
The presence and distribution of photosynthetic microor-
ganisms in these granite rocks could be the result of interplay
between the incoming light intensity and its attenuation by the
rock substrate, the influence of local features of rock composi-
tion of being special relevance (Matthes et al., 2001; Sigler et al.,
2003). The cyanobacteria analysed in this study could be
considered chasmoendolithic (Golubic et al., 1981), because
they occurred in thin flakes where fissures developed more or
less parallel to the rock surface. In this ecological niche,
cyanobacteria might prefer to occupy deeper positions in the
rock, since fissures increase the amount of light available. The
endolithic colonization of the granite by these Antarctic
cyanobacteria could have important ecological implications
not only for the survival of these cells, but also for other
microorganisms, in that increasing the size of the colonized
fissure could facilitate colonization by other cryptoendolithic
and chasmoendolithic microorganisms (Blackhurst et al.,
2005). In effect, heterotrophic bacteria associated with both
types of biofilms were observed.
Endolithic cyanobacteria-rich biofilms have also been
observed in other types of continental Antarctic rocks such
as sandstones (Friedmann & Ocampo, 1976; Vincent, 1988;
De la Torre et al., 2003; De los Rı´os et al., 2004). These films
consist predominantly of Gloeocapsa-like and Chroococci-
diopsis-like cyanobacteria. Eucaryotic microorganisms also
form diverse biofilms in fissures and cavities of continental
Antarctic rock, especially lichen dominated biofilms (Fried-
mann et al., 1988; Green et al., 1999; De los Rı´os et al., 2005)
but also a large number of free-living fungi such as meriste-
matic fungi with melanised cell walls (Selbmann et al., 2005)
and nonlichenized green-algae (Tschermak-Woess & Fried-
mann, 1984; Friedmann et al., 1988; Broady, 1996). How-
ever, biofilms dominated by eucaryotic microorganisms
seem to occupy different sites within rock fissures to those
preferred by cyanobacteria-rich biofilms (De la Torre et al.,
2003; De los Rı´os et al., 2004; Selbmann et al., 2005;
Tschermak-Woess et al., 2006). Moreover, lichen-dominated
and cyanobacteria-rich biofilms were both present in the
granite rocks of the area examined here, although the
cyanobacteria-rich biofilms were recovered from samples
collected at an altitude of 500m, whereas endolithic lichen
colonization was more frequent at lower altitudes (De los
Rı´os et al., 2005). This presumably reflects their different
requirements for growth. It was shown in this study that the
properties and features of a biofilm depend not only on the
physico-chemical properties but also on the nature of its
biological components. The two cyanobacteria-rich biofilms
examined here composed of different cyanobacteria species
differed from each other and also differed clearly from
eucaryotic biofilms colonizing granite. The endolithic en-
vironment always appears to be less altered when comparing
cyanobacteria-rich biofilms to, for example, biofilms domi-
nated by fungi (De los Rı´os et al., 2005).
In conclusion, our study reveals an undescribed type of
biofilm composed of cyanobacteria closely related to Acaryo-
chloris species, and compares its ultrastructural and structural
features to those of the already known biofilm composed of
Gloeocapsa-like cells. To date, it is unclear if these two types are
exclusive or if other types of cyanobacterial biofilms occur.
However, since Antarctica is currently subjected to the intense
effects of rapid climate change and increased solar UVB
radiation, further knowledge about its present biodiversity
and functional roles is needed (Vincent, 2000; Wall, 2005) to
assess the qualitative and quantitative biological manifestations
of this changing Antarctic ecosystem.
Acknowledgements
The authors would like to thank the staff of the microscopy
facilities of the CCMA for technical assistance and Ana
FEMS Microbiol Ecol 59 (2007)386–395 c 2006 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved
393Antarctic endolithic cyanobacterial biofilms
 by guest on M
ay 30, 2016
http://fem
sec.oxfordjournals.org/
D
ow
nloaded from
 
Burton for reviewing the English. We are especially grateful
to Prof. A.T.G. Green and Antarctica New Zealand for the
excellent scientific and logistic organization of the expedi-
tion to the Dry Valleys of Antarctica in January 2003. This
study was funded by grants REN2003-07366-C02-02 and
BOS2003-02418 of the Plan Nacional I1D.
References
Ascaso C, Wierzchos J, Souza-Egipsy V, de los Rı´os A & Delgado
Rodrigues J (2002) In situ evaluation of the biodeteriorating
action of microorganisms and the effects of biocides on
carbonate rock of the Jero´nimos Monastery (Lisbon). Int
Biodet Biodeg 49: 1–12.
Banerjee M, Whitton BA &Wynn-Williams DD (2000)
Phosphatase activities of endolithic communities in rocks of
the Antarctic Dry Valleys. Microb Ecol 39: 80–91.
Barker WW & Banfield JF (1996) Biologically vs. Inorganically
mediated weathering reactions: relationship between minerals
and extracellular microbial polymers in lithobiontic
communities. Chem Geol 132: 55–69.
Barker WW, Welch SA, Chu S & Banfield JF (1998) Experimental
observations of the effects of bacteria on aluminiosilicate
weathering. Amer Mineral 83: 1551–1563.
Blackhurst R, Genge MJ, Kearsley AT & Grady MM (2005)
Cryptoendolithic alteration of Antarctic sandstones: pioneers
or opportunists? J Geophys Res 110: E12S24, doi: 10. 1029/
2005JE002463.
Boone DR & Castenholz RW, (eds) (2001) Bergey’s Manual of
Systematic and Bacteriology, Vol 1, 2nd edn. Springer Verlag,
New York.
Broady PA (1981) The ecology of chasmolithic algae at coastal
locations of Antarctica. Phycologia 20: 259–272.
Broady PA (1996) Diversity, distribution and dispersal of
Antarctic terrestrial algae. Biodiv Conserv 5: 1307–1335.
Bu¨del B, Weber B, Ku¨hl M, Pfanz H, Su¨ltemeyer D &Wessels DC
(2004) Reshaping of sandstone surfaces by cryptoendolithic
cyanobacteria: bioalkalinization causes chemical weathering in
arid landscapes. Geobiology 2: 261–268.
Chen M, Telfer A, Lin S, Pascal A, Larkum AWD, Barber J &
Blankenship RE (2005) The nature of the photosystem II
reaction in the chlorophyll d-containing prokaryote,
Acaryochloris marina. Photochem Photobiol Sci 4: 1060–1064.
Cockell C, Lee P, Broady P, Lim DSS, Osinski GR, Parnell J,
Koeberl C, Pesonen L & Salminen J (2005) Effects of asteroid
and comet impacts on habitats for lithophytic organisms – A
synthesis. Meteorit Planet Sci 40: 1901–1914.
Cubero OF, Crespo A, Fatehi J & Bridge PD (1999) DNA
extraction and PCR amplification method suitable for fresh,
herbarium-stored, lichenized and other fungi. Plant Syst Evol
216: 243–249.
Danin A (1999) Desert rocks as plant refugia in the Near East. Bot
Rev 65: 93–170.
De la Torre J, Goebel BM, Friedmann EI & Pace NR (2003)
Microbial diversity of crytoendolithic communities from the
Mcmurdo Dry Valleys, Antarctica. Appl Environ Microbiol 69:
3858–3867.
De los Rı´os A & Ascaso C (2002) Preparative techniques for
transmission electron microscopy and confocal laser scanning
microscopy of lichens. Protocols in Lichenology (Kranner I,
Beckett RP & Varma AK, eds), pp. 87–151. Springer, Berlin.
De los Rı´os A, Wierzchos J, Sancho LG & Ascaso C (2003) Acid
microenvironments in microbial biofilms of Antarctic
endolithic microecosystems. Environ Microbiol 5: 231–237.
De los Rı´os A, Wiezchos J, Sancho LG & Ascaso C (2004)
Exploring the physiological state of continental Antarctic
endolithic microorganisms by microscopy. FEMS Microbiol
Ecol 50: 143–152.
De los Rı´os A, Sancho LG, Grube M, Wierzchos J & Ascaso C
(2005) Endolithic growth of two Lecidea lichens in granite
from continental Antarctica detected by molecular and
microscopy techniques. New Phytol 165: 181–190.
Diels L (1914) Die Algen-Vegetation der Su¨dtiroler Dolomitriffe.
Ber Dtsch Bot Ges 32: 502–506.
Drews G & Weckesser J (1982) Function, structure and
composition of cell walls and external layers. The Biology of
Cyanobacteria (Carr NG & Whitton BA, eds), pp. 333–357.
Blackwell, Oxford.
Fewer D, Friedl T & Bu¨del B (2002) Chroococcidiopsis and
heterocyst-differentiating cyanobacteria are each other’s
closest living relatives. Mol Phyl Evol 23: 82–90.
Friedmann EI (1982) Endolithic microorganisms in the Antarctic
Cold Desert. Science 215: 1045–1053.
Friedmann EI, Hua M & Ocampo-Friedmann R (1988)
Cryptoendolithic lichen and cyanobacterial communities of
the Ross Desert, Antarctica. Polarforschung 58: 251–259.
Friedmann EI & Ocampo R (1976) Endolithic blue-green algae in
the dry valleys: primary producers in the Antarctic dessert
ecosystem. Science 193: 1247–1249.
Golubic S, Friedmann I & Schneider J (1981) The lithobiontic
ecological niche, with special reference to microorganisms.
J Sediment Petrol 51: 475–478.
Gorbushina AA & Krumbein WE (2000) Subaerial microbial
mats and their effects on soil and rock. Microbial sediments
(Riding RE & Awramik SM, eds), pp. 161–170. Springer-
Verlag, Berlin.
Green TGA, Schroeter B & Sancho LG (1999) Plant life in
Antarctica. Handbook of Functional Plant Ecology (Pugnaire FI
& Valladares F, eds), pp. 495–543. Marcel Dekker, Inc., New
York, Basel.
Grilli-Caiola M, Ocampo-Friedmann R & Friedmann EI (1993)
Cytology of long-term desiccation in the desert
cyanobacterium ‘Chroococcidiopsis’ (Chroococcales).
Phycologia 32: 315–322.
Gross W, Ku¨ver J, Tischendorf G, Bouchaala N & Bu¨sch W (1998)
Cryptoendolthic growth of the red alga Galdiera sulphuraria in
volcanic areas. Eur J Phycol 33: 25–31.
Hughes KA & Lawley B (2003) A novel Antarctic microbial
endolithic community within gypsum crusts. Environ
Microbiol 5: 555–565.
FEMS Microbiol Ecol 59 (2007)386–395c 2006 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved
394 A. de los Rı´os et al.
 by guest on M
ay 30, 2016
http://fem
sec.oxfordjournals.org/
D
ow
nloaded from
 
Koma´rek J (1999) Intergeneric characters in unicellular
cyanobacteria living in solitary cells. Algolol Stud 94: 195–205.
Koma´rek J (2003) Coccoid and colonial cyanobacteria.
Freshwater Algae of North America. Ecology and Classification
(Wehr JD & Sheath RG, eds), pp. 59–116. Academic Press,
Amsterdam.
Ku¨hl M, Chen M, Ralph PJ, Schreiber U & Larkum AWD (2005)
A niche for cyanobacteria containing chlorophyll d. Nature
433: 820.
Matthes U, Turner SJ & Larson DW (2001) Light attenuation by
limestone rock and its constraint on the depth distribution of
endolithic algae and cyanobacteria. Int J Plant Sci 162: 263–270.
Matthes-Sears U, Gerrath JA & Larson DW (1997) Abundance,
biomass, and productivity of endolithic and epilithic lower
plants on the temperate-zone cliffs of the Niagara Escarpment,
Canada. Int J Plant Sci 158: 451–460.
Marquardt J, Mo¨rschel E, Rhiel E & Westermann M (2000)
Ultrastructure of Acaryochloris marina, an oxyphotobacterium
containing mainly chlorophyll d. Arch Microbiol 174: 181–188.
McNamara C, Perry T, Bearce K, Hernandez-Duque G &Mitchell
R (2006) Epilithic and endolithic bacterial communities in
limestone from a Maya archaeological site. Microb Ecol 51:
51–64.
Miller SR, Augustine S, Olson TL, Blankenship RE, Selker J &
Wood AM (2005) Discovery of a free-living chlorophyll d-
producing cyanobacterium with a hybrid proteobacterial/
cyanobacterial small-subunit rRNA gene. Proc Natl Acad Sci
102: 850–855.
Miyashita H, Ikemoto H, Kuarano N, Adachi K, Chihara M &
Miyachi S (1996) Chlorophyll d as a major pigment. Nature
383: 402.
Murakami A, Miyashita H, Iseki M, Adachi K & Mimuro M
(2005) Chorophyll d in an epiphytic Cyanobacterium of red
algae. Science 303: 1633.
Nu¨bel U, Garcı´a-Pichel F & Muyzer G (1997) PCR primers to
amplify 16S rRNA genes from cyanobacteria. Appl Environ
Microbiol 63: 3327–3332.
Posada D & Crandall KA (1998) MODELTEST: testing the model
of DNA substitution. Bioinformatics 14: 817–818.
Reynolds S (1963) The use of lead citrate at high pH as an
electron-opaque stain in electron microscopy. J Cell Biol 17:
200–211.
Samsonoff WA & MacColl R (2001) Biliproteins and
phycobilisomes from cyanobacteria and red algae at the
extreme habitats. Arch Microbiol 176: 400–405.
Schultz M, Porebski S & Bu¨del B (2000) Diversity of rock-
inhabiting cyanobacterial lichens: studies on granite inselbergs
along the Orinoco and in Guayana. Plant Biol 2: 482–495.
Selbmann L, de Hoog GS, Mazzaglia A, Friedmann EI & Onofri S
(2005) Fungi at the edge of life: cryptoendolithic black fungi
from Antarctic desert. Stud Mycol 51: 1–32.
Siebert J & Hirsch P (1988) Characterisation of 15 selected coccal
bacteria isolated from Antarctic rock and soil samples from the
Mcmurdo Dry Valleys (South-Victoria Land). Polar Biol 9:
37–44.
Siebert J, Hirsch P, Hoffmann B & Gliesche CG (1996)
Cryptoendolithic microorganisms from Antactic sandstone of
Linnaeus Terrace (Asgard Range): diversity, properties and
interactions. Biodiv Conserv 5: 1337–1363.
Sigler WV, Bachofen R & Zeyer J (2003) Molecular
characterization of endolithic cyanobacteria inhabiting
exposed dolomite in central Switzerland. Environ Microbiol 5:
618–627.
Smith MC, Bowman JP, Scott FJ & Line MA (2000) Sublithic
bacteria associated with Antarctic quarzt stones. Ant Sci 12:
177–184.
Tschermak-Woess E & Friedmann EI (1984) Hemichloris
antarctica, gen. et sp nov. (Chlorococcales, Chlorophyta) a
crypt-oendolithic alga from Antarctica. Phycologia 23:
443–454.
Tschermak-Woess E, Hua M, Ga¨rtner G & Hesse M (2006)
Observations in Hemichloris antarctica Tschermak-Woess &
Friedmann (Chlorophyceae) and the occurrence of a second
Hemichloris species, Hemichloris polyspora n. Sp. Plant Syst
Evol 258: 27–37.
Turner S (1997) Molecular systematics of oxygenic
photosynthetic bacteria. Plant Syst Evol 11: 13–52.
Turner S, Huang TH & Chaw SM (2001) Molecular phylogeny of
nitrogen-fixing unicellular cyanobacteria. Bot Bull Acad Sin 42:
181–186.
Van Thielen N & Garbary DJ (1999) Endolithic microorganisms
and life in extreme environments. Enigmatic microorganisms
and life in extreme environments (Seckbach J, ed.), pp. 243–253.
Kluwer Academic Publishers, Dordrecht.
Vincent WF (1988) Microbial Ecosystems of Antarctica.
Cambridge University Press, Cambridge.
Vincent W (2000) Evolutionary origins of Antarctic microbiota:
invasion, selection and endemism. Ant Sci 12: 374–385.
Vincent WF, Bowman JP, Rankin LM & McMeekin TA (1999)
Phylogenetic diversity of picocyanobacteria in Artic and Antartic
ecosystems. Microbial Biosystems: New Frontiers (Bell CR,
Brylinsky M & Johnson-Green P, eds), pp. 317–322. Atlantic
Canada Society for Microbial Ecology, Halifax, Canada.
Wall D (2005) Biodiversity and ecosystem functioning in
terrestrial habitats of Antarctica. Ant Sci 17: 523–531.
Wierzchos J & Ascaso C (1994) Application of back-scattered
electron imaging to the study of the lichen rock interface. J
Microscopy 175: 54–59.
Wierzchos J & Ascaso C (2001) Life, decay and fossilisation
of endolithic microorganisms from the Ross Desert,
Antarctica: suggestions for in situ further research. Polar Biol
24: 863–868.
Wolfaardt GM, Lawrence JR & Korber DR (1999) Function of
EPS. Microbial Extracellular Polymeric Substances (Wingender
J, Neu TR & Flemming HC, eds), pp. 172–200. Springer,
Berlin.
Wynn-Williams DD (2000) Cyanobacteria in deserts-life at the
limit? The Ecology of Cyanobacteria (Whitton BA & Potts M,
eds), pp. 341–346. Kluwer Academic Publishers, The
Netherlands.
FEMS Microbiol Ecol 59 (2007)386–395 c 2006 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved
395Antarctic endolithic cyanobacterial biofilms
 by guest on M
ay 30, 2016
http://fem
sec.oxfordjournals.org/
D
ow
nloaded from
 
